Terracing, Land Management and Agricultural Soils in the Andagua Valley of the Southern Peruvian Andes by Murphy, Blaise
University of Denver 
Digital Commons @ DU 
Electronic Theses and Dissertations Graduate Studies 
1-1-2017 
Terracing, Land Management and Agricultural Soils in the 
Andagua Valley of the Southern Peruvian Andes 
Blaise Murphy 
University of Denver 
Follow this and additional works at: https://digitalcommons.du.edu/etd 
 Part of the Agronomy and Crop Sciences Commons, Geography Commons, and the Latin American 
Studies Commons 
Recommended Citation 
Murphy, Blaise, "Terracing, Land Management and Agricultural Soils in the Andagua Valley of the Southern 
Peruvian Andes" (2017). Electronic Theses and Dissertations. 1257. 
https://digitalcommons.du.edu/etd/1257 
This Thesis is brought to you for free and open access by the Graduate Studies at Digital Commons @ DU. It has 
been accepted for inclusion in Electronic Theses and Dissertations by an authorized administrator of Digital 
Commons @ DU. For more information, please contact jennifer.cox@du.edu,dig-commons@du.edu. 
	
Terracing, Land Management and Agricultural Soils in the Andagua Valley of the 






the Faculty of Natural Sciences and Mathematics 




In Partial Fulfillment 
of the Requirements for the Degree 










Author: Blaise Murphy 
Title: Terracing, Land Management and Agricultural Soils in the Andagua Valley of the 
Southern Peruvian Andes 
Advisor: Dr. J. Michael Daniels  




Demographic, socio-political and climatic changes can drastically alter 
agricultural land management practices, affecting the availability of agriculturally 
relevant nutrients in the soil. This project investigates the use, reconstruction and 
abandonment of agricultural terraces and the implications these conditions have on 
agricultural soil properties of the Andagua Valley in the Western Cordillera of the 
Southern Peruvian Andes. During the 2016 summer field season, topsoil samples were 
collected from cultivated and abandoned agricultural terraces between 3229m and 
3688m. a. s. l. with a range of aspects and ages. Collaboration with a team of 
archaeologists and anthropologists gave insight into the local and regional history, and 
helped with the interpretation of the soil data. Organic carbon percentage and pH of 
abandoned soils are slightly lower than cultivated soils, similar to results in the Colca 
Valley (Sandor and Eash 1996), but are not dramatically different enough to negatively 
impact the long-term fertility. However, the variable distribution of cultivation and 
abandonment across the Andagua Valley is distinct from the vertical terrace organization 
in the Colca Valley. These patchworks of terraces are further enabled by the soil 
properties in the valley within the particular sociopolitical and cultural contexts of the 
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Societies around the world have used and continue to use agricultural terracing as 
a technology to protect fragile, sloped mountain environments from land degradation 
(Donkin 1979; Denevan 2001; Lasanta et al 2014; Tarolli et al 2014). The recursive 
relationship among land, people, environment and culture in the Peruvian Andes has 
manifested as a complex technology of agricultural terraces, land management and 
settlement patterns (Donkin 1979; Denevan 1988; Brooks 1998). This project examines 
the effects of terrace abandonment on agricultural soil properties in the Andes, and 
contributes to conversations concerning agricultural technologies for future cultivation. 
 The Andagua Valley in the Southern Peruvian Andes provides insight to these 
questions as it contains extensive terracing ranging in age from sixty to potentially 
thousands of years old in various states of use, reuse and abandonment. Throughout the 
deep history of the valley traversing the pre-Inca, Inca, Spanish and Peruvian states, the 
community and its inhabitants have been, and continue to be, primarily agricultural. 
Considering these local, regional and global circumstances, this project asks: What effects 
do terracing and land management have on agriculturally relevant soil properties in the 
Andagua Valley of the Southern Peruvian Andes? 
This project investigates the extent of terrace use, reuse and abandonment in the 
Andagua Valley, which allows for comparisons against other intermontane southern 
Andean valleys such as the nearby Colca and Cotahausi Valleys. To complete this, the 
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project collected topsoil samples from abandoned and cultivated terraces across different 
terrace types, completed soil lab analysis, and explored statistical and spatial 
relationships among the soil and terrace properties. Collaboration with a team of 
archaeologists gave insight into the local and regional history, assisting with the 
interpretation of the soil data. Through this, the project found that abandonment does not 
drastically alter chemical soil properties but does have significant consequences for 
physical soil properties and the built landscape.  
Statistical analysis shows the organic carbon percentage and pH of abandoned 
soils to be slightly lower than cultivated soils, similar to results in the Colca Valley 
(Sandor and Eash 1996), but the soil properties are not dramatically different enough to 
negatively impact the long-term fertility. However, the variable distribution of cultivation 
and abandonment across the Andagua Valley is distinct from the vertical terrace 
organization in the Colca Valley. These patchworks of terraces are enabled by the 
productive soil properties in the valley; however, the neglect or abandonment of terraces 
causes soil erosion and wall collapse and may have the potential to negatively impact the 
surrounding cultivated soils. In addition, results suggest that the volcanic parent materials 
play a significant role in several of the chemical and physical soil properties such as pH 
and particle size. In conclusion, patchiness is facilitated by the agricultural soil properties 
in the Andagua Valley, which are entrenched within local, regional and global 
frameworks. Although these landscape patterns can exacerbate the erosion processes, the 










An agricultural field in the Andes is called a chakra, a “powerful object and 
symbol that conveys states of being and feeling” (Mayer 2002).  Terraces are specifically 
referred to as andenes, or platforms. Indigenous communities in the Andes have farmed 
andenes for, in some cases, thousands of years through generations of changing socio-
political situations and climate (Donkin 1979; Sandor and Eash 1995). This technology 
helps protect the fragile, mountain landscapes and, in turn, the soil that grows the crops 
that feed the communities and their animals.   
2.1.1 Terrace Function 
These human-modified landscapes reduce the slope gradient and provide a space 
that increases soil depth and crop yield in comparison to sloped-field cultivation 
(Posthumus and Stroonsijder 2010; Stanchi et al 2012; Tarolii et al 2014). Construction 
of about 10,000 m2 of bench terraces takes approximately 2,000 worker days (Treacy 
1987). Despite the labor needed to build the terraces, they mitigate problems associated 
with agricultural activities in sloped environments through the retention of moisture, 
control of water flow, increase of topsoil depth, control of erosion and creation of flat 




To construct terraces, builders place the base of the dry masonry stone walls on 
bedrock or subsoil, building from the bottom of the slope and moving upward. They 
placed loose stones behind the walls to promote water drainage and to prevent 
oversaturation of the soil (Donkin 1979; Treacy 1987; Sandor and Eash 1995). Figure 1 
shows the typical cross-section of a bench terrace, with the wall height dictated by the 
angle of the original slope (Donkin 1979).  
	
Figure 1:Irrigated Bench Terrace, based on figure in Donkin (1979): A) Cultivation Surface with stones behind the 
wall B) Upper wall, C) Walking surface and canal D) Lower wall, E) Cultivation surface with irrigation ditch. 
Terraces are deeply tied to the accessibility and social management of water 
(Guillet 1987; Treacy 1987; Trawick 2001).  In Figure 1, area “C” and the area level with 
“E” shows canals and field ditches that were built into the terraces as an organized 
irrigation system. Irrigation in the Andes dates to as early as 3,500 BP, but extensive 
organized canal irrigation, like that shown above, was not seen until 1000 AD (Zimmerer 
1995). For prior unirrigated terraces, availability of water on a local scale depended upon 
adequate rainfall or water supply. Climate change and tectonic movement threaten the 
precipitation patterns and course of natural springs, for example (Donkin 1979). The 
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construction of canal systems in the past helped to alleviate some inconsistencies of water 
availability and improve crop yield (Guillet 1987; Brooks 1998).  
2.1.2 Terrace Maintenance and Mitigation  
Separate from terrace construction, terrace maintenance is structured by other 
factors such as the needs and abilities of individual families (Branch et al 2007). 
Unmaintained terraces undergo wall bulging, deterioration and collapse mostly caused by 
water erosion processes. Abandonment is indicated by spoon-shaped notches on walls 
and small water channels that grow progressively larger downhill (Lodoño 2008; Arnáez 
et al 2015). Using dry soil and leaving a gap between the wall and the soil, are also cited 
as leading to wall deterioration, for example (Treacy 1987). 
Although soil erosion is not a contemporary problem, it is occurring on a much 
larger scale than in the past (Pimentel 1993). Local, regional and global demographic and 
economic changes can impact land management practices that contribute to soil’s 
fertility. According to the 2012 Censo Nacional Agropecuario Peruano, about 90% of the 
total individual producers in Andagua supplemented their income with non-agricultural 
activities, citing the inability to cover their daily expenses with agriculture and husbandry 
alone. The population of agricultural producers in the Andagua Valley was also aging; 
about 75% of the same population was over the age of 45. Both statistics reflect the 
broader patterns in Peru (INEI 2012).  
Terrace failure and soil loss is mitigated through conservation measures such as 
planting grasses or other plants on the surface (Inbar and Llerena 2000; Arnáez et al 
2015). UNESCO and other groups are looking to protect terraces around the world as 
cultural heritage sites. Maintaining these sites offers tourism opportunities as well as the 
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prevention of natural hazards associated with terrace failure, such as mass movements 
(Savo et al 2014; Tarolli et al 2014).    
2.1.3 Terracing around the World 
Societies all over the world have used agricultural terraces for thousands of years 
to more effectively retain soil and water for cultivation (Donkin 1979; Denevan 1988; 
Tarolii et al 2014; Arnáez et al 2015).  Terraces are cultivated in mountainous regions of 
Nepal, China, the Mediterranean, Europe, Africa, the Americas and elsewhere (e.g. 
Beach and Dunning 1995; Lasanta et al 2001; Gardner and Gerrard 2003; Amsalu and 
Graaff 2007; Bevan and Conolly 2011; Tarolli et al 2014; Arnáez et al 2015). Terraces 
are labor intensive and require regular maintenance to prevent degradation. They are 
especially difficult to cultivate if they are too narrow to accommodate contemporary 
machinery and are frequently abandoned for these reasons (Arnáez et al 2015). There is a 
resurgence in the construction of terraces in Europe because of the need for viable land. 
However, these new terraces are built to accommodate contemporary machines, the use 
of which can decrease the stability of the land over the long term (Arnáez et al 2015).  
 Scientists document terracing in arid, mountainous regions of the North and 
Central Americas as early as 1000 AD and as far north as Mesa Verde in Colorado. 
Check dams, or rows of rocks placed perpendicular to the slope to trap soil and water 
across canyons and intermittent streams, are found in the American Southwest. Native 
Americans also used canals to irrigate fields, both terraced and otherwise. For example, 
the Hohokam people of the southern US constructed an elaborate canal system and used 




2.1.4 Terracing in South America 
 Terrace use is widespread throughout the Andes. Early inhabitants of the Colca 
Valley, a well-studied neighboring river canyon with a long history of agriculture, carved 
boulders with depictions of extensive terraced slopes, indicating their importance to the 
local communities. In the Andes, terrace walls are constructed with stone, earth, 
vegetation, subsoil and volcanic material. The types of terracing found in the Southern 
Peruvian Andes are as follows (see Figure 2 for examples) (Brooks 1998): 
a. Cross channel terraces – a terrace formed in a quebrada, or periodic stream, 
through the placement of stones across the waterway to catch eroding soil behind 
the wall; 
b. Sloping field terraces – a rain fed terrace formed by the accumulation of soil 
behind a wall made from stones placed perpendicular to the slope, needing 
constant repairs to maintain viability (these are usually much narrower than bench 
terraces and are in poor condition in the Colca Valley due to the low rainfall and 
low population, perhaps mirroring the condition, if in existence, of these terraces 
in the Andagua Valley); and, 
c. Bench terrace – a fairly level terrace created behind a stone wall that is buried into 
the ground, either as a single row of stones or, like some Inca walls, created with 
two rows of stones (these were usually created with side walls, in multiples and 
may exist with irrigation canals). 
 Brooks (1998) then delineates between several types of bench terraces: 
1. Contour terraces – follows the curved topography of the steep slope; 
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2. Linear terraces – crosses steep slopes in horizontal patterns, the most of 
which were never irrigated; 
3. Broad field terraces – usually larger in size and non-rectangular in shape 
due to their existence on less steep slopes to use the relatively flat 
surfaces; 
4. Valley floor terraces – walled fields on the valley floors; and, 
5. Segmented terraces – short isolated terraces on slopes. 
Terraces are further classified according to their use (Denevan 1988): 
a. Cultivated – clean, maintained looking boundaries or visible crops; 
b. Abandoned – ragged boundaries with no visible crops; and, 
c. Long Abandoned – visible deterioration of walls, bush growth following terrace 
contours. 
 
Figure 2: Examples of terrace types in the Andagua Valley. 
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The Colca Valley terrace chronology begins with rain-fed, cross channel terraces 
as far back as 2400 BC.  Cross channel terraces slightly reduce the angle of the slope and 
are not used extensively today in the Andes. As Brooks suggests, technology progressed 
towards sloping field terraces that were then converted to bench terraces. Finally, the 
irrigated bench terraces further increase crop yields (Brooks 1998). It is hypothesized that 
in the Colca Valley sloping field terraces were all replaced by the more level bench 
terraces, but only those less than 3,700 m were later systematically irrigated (Brooks 
1998). Marginal environments, like these mountainous areas, are sensitive to changes in 
climate; thus, drier/cooler periods may have limited cultivation zones and played a role in 
technological innovations, among other factors (Selzer and Hastorf 1990).  
The building of andenes climaxed during the Inca Empire with the building of 
irrigated bench terraces (Donkin 1979; Pease 2011). The arrival of the Spanish brought 
demographic shifts, such as the forcible resettlement of Andean communities away from 
their fields and into nucleated settlements in the late 16th century, known as the program 
of reducciones, and an overall decrease in the population due to death from disease 
(Donkin 1979; Wernke 2010). Field walls that surround terraces, as opposed to terrace 
walls, were mostly built after the arrival of the Spanish. Rather than serve a purpose for 
retention of soils or water, these walls kept out/in domesticated animals (Denevan 2001). 
Livestock holds wealth in the form of meat, milk, hides and manure (Lopez-i-Gelats et al 
2015), but can trample crops if not contained.  
2.2 Terrace Soils 
Terraced slope soils in the Andes and elsewhere generally consist of human-
modified soil profiles over colluvial or alluvial material (Treacy 1987; Inbar and Llerena 
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2000; Stanchi et al 2012). Southern Andean terrace profiles in the Colca Valley consist of 
plowed A epipedons reaching a depth of about 10 cm over thick, loamy A horizons over 
argillic B horizons. The abandoned terrace profiles have an additional duripan horizon 1-
2 meters below the surface. There is a higher presence of organic matter and phosphorus 
in currently cultivated and abandoned terrace soils, as opposed to uncultivated soils, 
although levels of phosphorus are higher in longer abandoned soils due to the use of 
guano as fertilizer in the past. Phosphorus in terrace soils is generally found in illuvial B 
horizons (Sandor and Eash 1995; Sandor and Eash 1996).  
Soils from both cultivated and abandoned terraces contain more silt and finer 
sediments than unterraced soils, most likely due to silt deposited with irrigation water 
(Sandor and Eash 1995; Sandor and Eash 1996). Cultivated and abandoned soils have 
similar soil properties because farmers are using the abandoned terraces as grazing 
grounds (Denevan 2001). Volcanic landscapes have deep soils over steep slopes due to 
the quick weathering processes or a buildup of pumice ash resulting from past volcanic 
activity (Donkin 1979). The A horizons in abandoned terraces of varying ages do not 
show evidence of exhaustion, leaving sociopolitical or environmental reasons for their 
abandonment (Sandor and Eash 1995; Branch et al 2007).  
To maintain soil fertility today, farmers practice manuring, fallowing, mixed 
cropping and rotation systems (Donkin 1978; Denevan 2001). They also plant alfalfa 
(Medicago sativa), which improves the nitrogen content in the soil as well as provides 
fodder for cows, who further fertilize the soil (Furbee 1989).  Mixed cropping, or 
intercropping, reduces the instance of diseases and insects, allows for dietary 
diversification, utilizes sun/shade, and can offer nitrogen balancing. For example, 
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growing beans and maize (Zea mays) at the same time balances the soil nutrient use and 
is known to increase the maize yield (Denevan 2001). Quinoa (Chenopodium quinoa) is 
also often intercropped with maize or legumes because of quinoas’ nutrient needs 
(Zimmerer 1992).  
2.3 Land Organization 
2.3.1 Verticality and Patchworks 
 Agriculture in the Andes is heavily reliant on terrace technology that utilizes the 
steep slopes and the subsequent microclimates that the topography creates. The theory of 
verticality – breaking up the mountain side into vertical zones creating designated 
locations to grow potatoes (high zone), grains (temperate zone) and fruits (tropical) – 
sought to explain the distribution of crops across the landscape (Denevan 2001). This 
practice may have encouraged groups to trade among different elevation zones to 
promote a diverse diet and spread risk across the landscape (Denevan 2001). Ethnic 
groups had farming colonies in different ecological zones to exchange goods among their 
own ethnic group (Pease 2011).  
Although this idea of crop bands fits within the knowledge of these exchange 
groups, these “zones” do not fully explain the complicated patterns on the landscape. 
Landscape patchiness is a better characterization of the distribution of crops and land use 
(Zimmerer 1999; Denevan 2001; Wernke 2010). Today, farmers own 10-20 plots across 
temperature, moisture, frost and elevation zones to spread risk (Treacy 1989; Inbar and 
Llerena 2000; Wernke 2010). Fallow periods that help to deter pests and weeds, as well 
as give the soil time to recuperate, can also result in patchiness on the landscape 
(Denevan 2001). In addition, farmers have abandoned fields due to the difficulty of 
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plowing with mechanical plows (Arnáez et al 2015). The crops cultivated also vary 
according to the local economy and the social and cultural value of a crop. Labor 
shortages, for example, can decrease the planting of potatoes or maize because of the 
amount of work it takes to collect the crops (Zimmerer 1992). Farmers may still plant 
certain potatoes, in spite of labor shortages if the varieties are important for local 
ceremonies or if they are family varietals. Market demand of crops such as malting barley 
or potatoes also adds to patchiness, as increased demand leads to increased areas of the 
land dedicated to these products (Zimmerer 1999).  
This concept of patchiness can also be used to discuss terrace abandonment and 
cultivation. Contemporary policies further disadvantage smallholder farmers and 
pastoralists, who often turn to alterative livelihoods such as local wage-labor or migration 
to cities to supplement their income and/or further their education (Zimmerer 1993; 
Denevan 2001). Outmigration away from agricultural centers and into cities leads to land 
degradation (Inbar and Llerena 2000; Lasanta et al 2001; Khanal and Wantanabe 2006; 
Tarolli et al 2014). Due to the non-uniform distribution of terrace ownership on the 
landscape, the abandonment of one family’s land leads to an uneven pattern of 
(un)maintained terraces on the landscape. Patchiness on the landscape is not a uniquely 
contemporary phenomenon, but is made more complex in the increasingly globalized 
Andean highlands.  
2.3.2 Reciprocity 
Peruvian pre-Hispanic society was exchange-based and relied on kinship and 
labor tribute rather than money. In fact, in Quechua, the word for “poor” is not related to 
a lack of money or goods, but rather the lack of parents (Pease 2011). Ethnic groups 
	
13 
established colonies in other vertical zones to trade and spread risk (Denevan 2001; Pease 
2011). The relationships among people in different resource zones was termed a vertical 
archipelago, and is a product of the history of pre-Hispanic state-forced resettlements and 
other social migrations. During the Inca Empire, this process was called a mitmaqkuna 
and the group that was moved was called a mitmaq (Van Buren 1993; Spalding 1984).  
Individuals also exchanged labor within communities and kingroups. There are a few 
types of labor exchange documented in the 20th century: minka, an unequal exchange of 
labor for goods and a waje-waje, work exchanged for equal work. When people receive 
labor for plowing or harvesting, they cook food in the field for the laborers, in addition to 
offering alcohol and coca leaves. The responsibility to host a feast is called a cargo, 
where a sponsor plans and is financially responsible for a party to celebrate special 
occasions. A cargo can also refer to other communal duties. These obligations are rotated 
among the family heads each year. Faenas are mandatory for the whole community and 
require members to contribute work for cleaning canals or working on communal land, 
for example (Mayer 2002).  
 The Inca incorporated reciprocal exchange models into the organization of their 
empire. The Inca had communal camelid herds, for example, and used obligatory labor to 
care for them (Pease 2011). The Inca required a tax in the form of agricultural crops that 
were then stored in a Tambo, which were located on roads and stored goods for 
redistribution throughout the Inca empire. The Inca also organized the largest expanse of 
terrace and road construction in the Andes through these labor exchanges. The Inca 
constructed irrigated bench terraces throughout their empire to grow maize for 
consumption and ceremonial purposes (Donkin 1979; Hyslop 1990; Wernke 2010).  
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 In contrast to the social and kin, exchange-based form of economy, Spanish 
colonialism forged new economic and political relations established through extractionist 
polices. The idea of money transfer had to be incorporated into the existing ideas of 
reciprocity, labor exchange and morality that was entangled within the pre-Hispanic 
economies (Mayer 2002).  With the existence of reciprocal exchange and tribute during 
Inca and pre-Inca eras, the Spanish king’s demand of tribute was not a new concept; 
Andeans understood the Spanish claim on local goods as gifts to the crown, thus 
exchanging one empire for another (Pease 2011).  
2.4 Links to Broader Theory  
Discourses serve to legitimize particular social orders and to marginalize others. 
These complex relationships are mediated through time by perceptions and historical 
circumstances. Understanding the stakeholders and their historical positions in the 
Southern Peruvian Andes contextualizes the contemporary positions in which locals 
traverse everyday life. 
2.4.1 Pristine Myth  
The pristine myth encompasses the misconception that indigenous populations in 
the Americas live/d in perfect harmony with the world around them. Scientists and others 
had assume/d that indigenous cultures have/had an intimate and privileged relationship 
with nature (Johannes 1989; Denevan 1992). However, the pre-Hispanic world was 
extensively modified through the construction of terraces, raised fields and other large 
projects. The pristine myth serves to delegitimize indigenous agency and history. The 
marginalization of indigenous cultures through the pristine myth, and other models, 
informed land management policy from the Spanish Conquistadors and up until the 
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present. It is misrepresentations like these that allowed for unfettered resource 
exploitation.  More recent narratives describing indigenous people as no longer 
possessing knowledge of the landscape encourages a protectionist narrative that divorces 
humans from the landscape (Denevan 1992).  
 Despite the commonly held belief that the pre-Hispanic Americas were sparsely 
populated and little modified, North, Central and South America contained populations 
who actively and extensively altered the world around them (Donkin 1979; Denevan 
1992).  Before the arrival of the Spanish, Old World diseases rapidly decreased the 
population of the Americas by an estimated 90% of the 40-100 million inhabitants 
(Butzer 1992; Denevan 1992). The pre-Hispanic Andes had an estimated population of 
about 15 million with a 15% disease survival rate (Butzer 1992; Pease 2011). Although 
there were higher survival rates in the highlands than in the lowlands, the already sparse 
inhabitation gave the impression of a small population of native people living in harmony 
with nature (Butzer 1992). The Spanish chroniclers encountered the devastated 
population in the Andes and, thus, created the pristine myth (Denevan 1992). 
 When Spanish chroniclers explored the New World, they did not extensively 
document the canals and terraces lining the mountainsides and valleys. Denvan suggests 
that these explorers were not farmers by trade and, therefore, were occupied by other 
details such as the availability of natural and human resources to exploit (1992). Spanish 
authorities rewarded government officials with allotments of land, much of it newly 
vacated from outmigration, depopulation from disease and resettlement of the surviving 
population by the Spanish (Butzer 1992). During this time, there were efforts to learn 
about and document the empire of the Incas; however, the stories were written through 
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existing stereotypes and assumptions about the defeated empire (Pease 2011). Actions 
taken by the Spanish, such as the allocation of land for their own use, were justified 
through these biased discourses.  
 Future policies were also based on false perceptions of smallholders, although of 
a different kind. Some policy makers interpret the history of Andean farmers as people 
who were removed from the land and do not remember how to properly care for it. These 
perceptions dominate certain conversations today by NGO’s, the government, and 
developmental agencies. Even different generations of smallholders blame erosion or 
other problems with the soil on their ancestors for not retaining knowledge of the land 
(Zimmerer 1993).  The narrative has shifted from the pristine myth to one of a 
disconnected and uneducated, poor farmer.  
Economy is now the dominant narrative driving action in official policy and local 
resource management (Robbins 2004). The balance of power guides smallholders’ 
decision-making such as the plants in their fields and the ways they tend to them, and the 
ways in which they diversify their income to afford everyday items (Mayer 2002). The 
model suggests that the market will benefit the environment and that modern 
technologies will help smallholders increase yield and protect the land (Robbins 2004). 
Assuming global technologies are more appropriate than local knowledge and land use 
practices is traced back to the Spanish Empire. Critiquing the blanket use of non-local 
technologies does not imply a return to stories of the pristine myth, but rather considers 
local knowledge an important component to land management. Technology is not static 
and even pre-Hispanic agricultural technology changed according to climate or 
population pressures (e.g. Donkin 1973; Denevan 2001). Thus, it is important to 
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understand the marginalized position of highland communities, but also to recognize their 



























3. STUDY AREA 
The Andagua Valley (15°32’S, 72°19’W), also called the Valley of the 
Volcanoes, is located at about 3600 m. a. s. l. in the Arequipa Department of Southern 
Peru and is about 130 km from the city of Arequipa, Peru (Figure 3). The NW-SE 
oriented valley is between the Colca Valley to the south and the Cotahuasi to the north, 
the two deepest canyons in the world. It is in the arid, western Cordillera on a flat valley 
floor called the Quechua. On land, it is about a 12-hour bus ride over a 4900 m pass 
across Corapuna Volcano. According to the 2012 Peruvian Censo Nacional 
Agropecuario, the town of Andagua has about 364 heads of household, the majority of 
whom are over 45 years old (INEI). For the purpose of this study, I use local toponyms to 
refer to the larger areas of the valley with distinct agricultural histories: the main valley, 




Figure 3: Peru with the town of Andagua and the regional city of Arequipa highlighted. 
	






The Andagua Valley is in a semi-arid montane environment experiencing distinct 
wet summers and dry winters (Kuentz et al 2011). The valley is in the transitional zone 
(3000 m. a. s. l. and 3200 m. a. s. l.) between the mountainous steppe and the high Puna 
with average temperatures about 20 degrees Celsius. It has an annual precipitation about 
500 mm with distinct wet winters and dry summers. Its location on the leeward side of 
the mountains is one cause of the low annual precipitation. Climate can also vary 
significantly on a vertical dimension in mountainous environments and, at high elevation, 
the temperature fluctuates more diurnally than seasonally (Clapperton 1993). 
El Niño Southern Oscillation (ENSO) events also cause high variability for the 
Andes. Strong El Niño events correspond with glacier retreat and negative precipitation 
anomalies while strong La Niña events correspond with glacier expansion and positive 
precipitation anomalies (Kuentz et al 2007; Kuentz et al 2011). A few glacial advances 
during the last century have not countered the general recessive trend. For example, 
glaciers in the Coropuna Volcano specifically decreased from 82.6 km2 in 1962 A.D. to 
60.9 km2 in 2000 A.D.  Decreasing glaciers, a general warming trend of 0.1 degrees per 
decade, and more extreme wet and dry seasons will potentially cause a shift in volume 
and seasonality of streamflow. This shift may have significant negative effects on 
agricultural activities in the Andes (Vuille et al 2008). Changes in terrace technology, 
such as from using rain-fed to irrigated terracing, have occurred during such alterations in 




3.1.2 Past  
Glaciers in the Andes reached a maximum extent during the middle of the Little 
Ice Age (~ 300 BP), concurrent with Spanish colonialism in the Andes, but the glaciers 
did not pose as an obstacle to the movements of people throughout the valley (Rademaker 
et al 2013). Around 900 BP, before the expansion of the Inca Empire, the climate again 
turned cooler and drier (Kuentz et al 2011). After about 3000 BP, before the use of cross 
channel terraces, vegetation began to look more like the vegetation in the area today. This 
dates to Pollen taken from peat bogs near the Coropuna Volcano (32 km from Andagua) 
revealed several climate shifts during the Holocene in the Southern Andes. The cool and 
moist climate during the mid-Holocene (9700 to 5200 BP) turned significantly drier 
during the late Holocene (5200-3000 BP). A glacial cold anomaly occurred about 12,900 
to 11,600 cal BP, effecting the highlands through the expansion of glaciers and snow 
cover (Rademaker et al 2013).  
3.2 Geology 
3.2.1 Tectonic Activity 
 The valley is located the Central Volcanic Zone (CVZ) west of the Peru-Chile 
trench where the Nazca oceanic plate is actively subducting at a 30° angle under the 
South American plate (Gonzalez and Pfiffner 2012). The CVZ hosts more than 600 
Quaternary volcanic centers, each formed through a compressional tectonics and 
subsequent fracturing of lithosphere (Clapperton 1993). Compression tectonics initially 
formed the Andes through uplift due to conductive thinning of the bottom of the 
lithosphere, crustal shortening and thickening (Clapperton 1993; Jaillard and Soler 1996). 
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The Andagua Valley is a downfaulted graben covered by moraines and outwash from the 
last glaciation visible on the valley sides and otherwise covered with lava fields from 
25,000 ya up to several hundred years ago (Clapperton 1993). Uplift and seismic events, 
in addition to rain, cause frequent landslides, mudflows and rockfalls in the Andes. 
Figure 5 shows a recent slope failure from the 2016 rainy season that narrowly missed a 
field house in Tauca. Locals say these are frequent during the rainy season and, as 
evident by the large slope failure visible in Figure 6, are a part of the deeper geological 
history of the area.  
 
Figure 5: Recent slope failure from the 2016 rainy season in Tauca, covering agricultural fields and narrowly missing 




Figure 6: Mass movement visible in the top left portion of this image. This photo shows Tauca and was taken from a 
ridge in the main valley of Andagua. 
3.2.2 Volcanic Activity 
The Andagua Valley is situated WNW-ESE in the Andahua-Orcopamapa and 
Huambo volcanic arc located in the Western Cordillera (Delecour et al 2007; Sørensen 
and Holm 2008). Andagua Valley volcanoes consist of scoria and cinder cones measuring 
500-650 meters across and 200-300 meters off the valley floor, in addition to effusive 
units with no cones. Extensive lava flows a few tens of meters thick to about 130 meters 
thick cover the province (Delecour et al 2007).  
The Andagua volcanic field lavas are composed of a range basaltic andesites, 
andesites and dacites, all of which have erupted during the Holocene. As a parent 
material, adesites, diosite and basalts create soils rich in iron, magnesium and plagioclase 
feldspars that weather quickly (Buol et al 1980). In general, plagioclase is the main 
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mineral phase throughout the lava fields with some in olivine phase. These are high-K 
and alkaline lavas formed through the melting of the 70-km thick continental lithosphere 
under the Peruvian Andes and the subsequent filling of the gap between the oceanic 
Nazca plate and the continental plate by asthenospheric material (Venturelli et al 1978; 
Sørensen and Holm 2008).  
	
Figure 7: Major volcanic features around the town of Andagua. (Toponyms based on Delecour et al 2007; Sørensen 
and Holm 2008) (GoogleEarth). 
The major volcanic features near the town of Andagua and associated with the 
agricultural fields are the Puca Mauras cone and lava flows that cover up to 50 km2 in the 
region, and the extensive lava and cinder cone field covering 38 km2 that includes 
Ninamama, Antaymarca, Cerro Accopampa (also referred to as Cerro Ccochapampa) and 
others. Ninamama, meaning “Mother of Fire” in Quechua, is a young effusive unit with 
two lava flows covering 4 km2 composed of sodium-poor latite, which is formed with 
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feldspar and plagioclase, and has fine grained and large quartzitic xenocrysts, or 
quartzitic crystals not from the original magma (Figure 8). Nimamama has a 58.9wt.% 
silica content and is andesitic in composition (Delacour et al 2007; Sørensen and Holm 
2008). Ninamama is located to the south of the main valley and is an important physical 
and cultural feature on the landscape (Menaker per comm). This lava flow emerged 
around 1451 – 1523 AD (Delacour et al 2007), which coincides with the Inca Imperial 
expansion in the Southern Andes. Thus, its eruption was in recent memory when the 
Spanish arrived and is included in local, contemporary mythohistories (Menaker per 
comm). 
 
Figure 8: Lava flow of Ninamama is the topographic high in the center of the image and continues to the left. 
The area of Antaymarca is one of the older volcanic events in the central lava 
field, made of sodium-rich and alkaline benmoreite rocks from andesitic lava, and is 
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located southeast of Ninamama on the edge of the main valley terraces (Figure 9). It has 
about 58 wt.% of silica content and is nearly aphric, meaning there are almost no 
phenocrysts (Delacour et al 2007; Sørensen and Holm 2008). Antaymarca is also the 
name of the pre-Inca archaeological site built into the lava flow. It is most likely a 
ceremonial site related to a nearby archaeological site built on another lava flow 
(Menaker per comm).  
 
Figure 9: Lava flow and archaeological site of Antaymarca in the foreground with the image looking north, up valley, 
towards the town of Andagua. 
 Cerro Accopampa is composed of sodium-rich and alkaline benmoreite rocks, and 
is the lava flow and cone located on the west-southwest border of the town and main 
valley of Andagua (Delacour et al 2007; Sørensen and Holm 2008). Cerro Accopampa, 
	
27 
along with Ninamama and Antaymarca, surround the main valley and potentially 
influenced the soil composition. Other older flows underneath the current agricultural 
fields are the parent material overlaying Pleistocene alluvial deposits and Jurassic 
sandstone (Delacour et al 2007).  
 Puca Mauras Volcano and its associated lava are located northeast of Paccareta 
(Figure 10). It is a polygenetic center, composed of four lava flows of different ages 
made of Andesitic and Dacitic lava (Clapperton 1993; Delacour et al 2007). Polygenetic 
centers usually go through a compositional cycle beginning with less explosive lava 
events and end in explosive diocite lava events. This is the only recorded diocite found 
around the town of Andagua. (Clapperton 1993). The Puca Mauras cones and flows have 
higher silicate content at 55wt.% to 64wt.% (Delacour et al 2007). Puca Mauras and its 
flows surround the north and east side of the area of Paccareta and flow into the 
southwest portion of Tauca, potentially influencing the soil composition of these areas. 
Near Tauca, in the area called Pumajallo, there is a small group of contemporary houses, 
and a potentially non-Inca archaeological site and associated terraces built into the end of 




Figure 10:Volcano Puca Mauras and associated lava flows in the background with Paccareta in the foreground. 
 
Figure 11: The angled dark feature in the middle is the end of one of the flows and Tauca is seen in the distance  





The naturally occurring vegetation in the transition, or pre-puna, zone, is 
composed of cacti (eg. Weberbauerocereus, Haageocereus, Corryocactus) shrubs (eg. 
Ambrosia, Gochnatia, Krameria, Adesmia) and herbs (eg. Eragrostis, Monnina 
Spergularia) (Kuentz et al 2007; Kuentz et al 2011) (Figure 12). Farmers cultivate maiz 
choclo, maiz amarillo, quinoa, wheat, avena grana, and others, in addition to raising 
alpaca, cows and guinea pig at various elevations and aspects in the valley (INEI 2012).  
Native varieties of plants, such as quinoa, are preferred for household consumption but 
are more expensive to cultivate than non-native varieties (Mayer 2002). Farmers plant a 
variety of native and non-native crops depending upon the needs of the family and the 
festival requirements for the year.  
       
          
Figure 12: The photos above are of native vegetation in Andagua taken in winter (June/July). Photos on the bottom are 




3.4 History of the Area  
In this region of the Southern Peruvian Andes there is evidence of early 
occupational sites beginning 12,400 – 8,000 years BP near the base of Coropuna Volcano 
(Rademaker 2012).  It is likely that people occupied the valleys near Coropuna soon after 
this date and up until the present. Ceramic styles and occupations have been interpreted 
as dating to as early as the Formative Period (1000 BC – 500 AD); however, the deep 
history of volcanic activity, in addition to the effects of rebuilding, certainly destroyed 
archeological evidence on the valley floor (Zilkowski 2000).  As such, this section 
focuses on recent local archeological evidence, regional history and archival stories to 
understand the context of farming these terraced fields.  
3.4.1 Pre-Inca 
As discussed earlier, smallholders have a large influence over land management 
decisions, but they are also deeply entwined with the prevailing power structures both 
past and present (Zimmerer 1993; Mayer 2002). There is evidence in the Andes that 
regional political development during the Early Intermediate Period (200– 600 AD) 
coincided with communities building on top of hills or ridges for defensive purposes and, 
consequently, cultivating the slopes in the immediate vicinity (Donkin 1979; Hastorf 
1993). This community-based decision-making would have had an influence on how and 
where people cultivated. This is seen in the Andagua Valley at the site of Paccareta, 
which consists of structures built upon a prominent ridge surrounded by abandoned 
irrigated bench and valley floor terraces. Although radiocarbon dates are still needed, 
recent excavations tentatively suggest this site is Pre-Inca. This was a period in which 
local cultures dominated in the southern Andes, rather than regional states such as the 
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Wari and Tiwanaku Empires.  Although there is evidence of these states elsewhere in the 
Andes, there is no evidence of Wari or Tiwanaku state influence in the Andagua valley 
(Menaker per comm).   
During the Middle Horizon (600 – 1000 AD), the expansion of regional polities, 
such as the Wari Empire into the Majes Valley, in addition to continuing local 
developments, is visible on the landscape today in the form of large terrace construction 
projects, extensive road building and ceramic and building styles (Hastorf 1993; Pease 
2011).  The building of the extensive road system called Qhapaq Nan, translated as great 
path or “path of the lord” and now known as Inca roads, began during this time and later 
expanded during the Inca Empire (Pease 2011).  Though roads traverse the floor and 
sides of the Andagua Valley, there is no evidence that the Wari Empire ever settled there 
(Menaker per comm).  There is evidence of interregional fighting in the presence of 
defensive structures dating to the Late Intermediate Period (1000 – 1400 AD) (Covey 
2008).  During this period, local deities and ceramic styles dominated. During the end of 
the Late Intermediate Period, regional groups such as the Inca expanded their rule into 
different territories, incorporating local deities as well as reforming cultural organization 
(Hastorf 1993).  
The sites of Paccareta and Antaymarca, for example, have evidence of pre-Inca 
settlements and infrastructure. Both have possible pre-Hispanic irrigation and canal 
systems linked to agricultural terraces in addition to unirrigated terraces. In the main 
valley, below the town of Andagua, there is evidence of agricultural intensification and 
irrigation directly linked to both pre-Inca and Inca occupation (Menaker pers comm). 
However, it is difficult to date both terracing and canals due to the constant repair and 
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rebuilding that occurs in the Andes. Tauca also has evidence of potentially pre-Hispanic 
canal system running from the river and around the slope of the peak of Wachalanka 




Figure 13: The modern canal feeding the main valley, possibly Inca, is visible running across the slope of the volcano 
on the left-hand image. Wachalanka is the peak in the middle of the right image. The modern canal is visible running 
through the slope on the bottom third of the image. The pre-Hispanic, possibly Inca, canal is barely visible in the 





The Inca Empire, or Tawantinsuyu, began in Cusco as a regional authority during 
the Late Intermediate Period (1000 – 1400 AD) (Covey 2006; Pease 2011). After 1400, 
the Inca expanded their empire throughout the Andes, cultivating terraces on the largest 
scale in Andean history (Donkin 1979; Wernke 2010). The paths throughout the Andes 
connected the Empire to the central administration in Cusco, where they demanded 
tribute in the form of goods and labor (Mayer 2002; Pease 2011). Using forced labor, the 
Inca imposed widespread construction of irrigated bench terraces to grow goods, 
especially maize, which was prized for its ceremonial purposes (Donkin 1979; Wernke 
2010) 
In the Andagua Valley, Inca influence is suggested in the construction of the end 
of the Canal Madre, called the Inca Canal, that snakes through the twin volcanoes to the 
north of the contemporary town of Andagua. Extensive Inca artifacts are also seen in the 
areas of Andagua Antiguo and Tauca, in contrast to the lack of Inca artifacts seen at other 
regional sites such as Paccareta (Menaker and Falcon Huayta 2016).  
3.4.3 Spanish Colonialism 
The Spanish arrived in South America about 500 years BP to look for natural and 
human resources to exploit. They brought demographic shifts, such as reducciones, the 
forced resettlement of people into organized towns, and an overall decrease in the 
population due to death from disease (Donkin 1979; Wernke 2010). The Spanish 
introduced new animals, plants, and technologies that altered the Andean ecosystem such 
as cow and sheep grazing (Denevan 2001). Unlike camelid, these new species grazed at 
similar elevations to agricultural practices.  Spanish colonialism unevenly ruled over 
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Andean communities for several centuries, through the adoption of new technologies and 
negotiations of relationships and identities.  
During the 16th century, the land in Andagua was granted to a Spanish family by 
the King of Spain; however, it is unclear if the family took advantage of the encomienda 
(translation: land grant) or how involved they were in the valley (Archive of the 
Archbishop of Arequipa). Also during this time, the processes of reducciones moved 
residents into a gridded town with the church as the focus of the town and changing 
peoples’ relationship to the land. Despite this new orientation of the people to the land, 
the 17th century is defined by limited state control in the area with possibly only a few 
Spaniards, probably priests, visiting the areas (Milliones 1980). In the Andagua Valley 
there is not much information written about the 17th century, but the construction of field 
houses that date to after the reduccion demonstrate the reintegration of settlements near 
fields. The limited state control over the area is further seen in the 18th century court case 
of continued mummy and ancestor worship in the town of Andagua (Menaker per comm; 
Solomon 1987).  
3.4.4 Post-Colonial  
The liberation from Spanish rule did not guarantee an end to the marginalization 
of highland, indigenous communities. For example, during the Peruvian Republic, a 
wealthy family bought a large amount of land in the Andagua Valley. The local people 
continued to live there, maintaining and working the fields, although they did not 
necessarily own all the lands on which they were working (Menaker per comm). Since 
this time, locals used administrative records and economic means to reclaim some of the 
land from this family. They also increasingly incorporated themselves into global 
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markets. Even during the 1930s, the remoteness of this valley had obscured it to 
foreigners and others. Two explorers funded by the National Geographic Society 
completed a pioneering aerial expedition the Southern Andes in 1931 to document the 
“Lost Valleys of Peru” and noted the extensive volcanic landscape. Robert Shippee and 
George R. Johnson flew planes to and rode pack mules into the “mysterious villages” in 
the valley to take many air and ground photos of the volcanoes and terraces (Shippee 
1932, 563). Unfortunately, there are not many surviving photos available and it seems 
that most of the photos in Andagua are of the volcanic features rather than the terraces 
(Figure 14). Aerial images depict the cultivated terraces in the main valley and no 
evidence of terrace walls in Tauca and Paccareta.  The Shippee-Johnson Expedition 
documented many villages in both the Colca and Andagua Valleys, which supposedly 
made infrequent contact with the larger city of Arequipa but traded among themselves.  
	 	
Figure 14: Image on the left of Shippee-Johnson Expedition of 1932 campsite inside a volcano (most likely Chilcayoc 
Pq. II) during their 1932 expedition to the Valley of the. Image on the right is an aerial photo from the Shippee-
Johnson Expedition. The archeological site of Quisguarani is in the bottom center, the town of Andagua is in the 
bottom right and Tauca is in the distance.  (American Museum of Natural History Archives). 
Contemporary patterns of abandonment are connected to migrations away from 
agricultural centers, leading to land degradation of these human-modified sloped 
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environments (Inbar and Llerena 2000; Lasanta et al 2001; Khanal and Wantanabe 2006; 
Savo et al 2014; Tarolli et al 2014). About 60 percent of irrigated bench terraces in the 
Colca Valley were abandoned by the mid-twentieth century (Denevan 1988). Also during 
this time was a series of economic developments such as governmental investments in 
highland areas and community organized reform. Widespread agrarian reform in Latin 
America during the twentieth century was connected with the attempts at empowering the 
populous and decreasing the power of the ruling classes (Cant 2012). In Peru, the 
Agrarian Reform Law enacted by Juan Velasco Alverado (1968-1975) allowed local 
farmers and pastoralists to legally create cooperatives and to sue for land around their 
communities that feudal land owners possessed (Mayer 2009; Cant 2012). This reform 
attempted to eliminate social unrest and to reorganize the historically-rooted, unequal 
land ownership across the country (Mayer 2009). 
The sites in Andagua called Paccareta and Tauca were reconstructed within the 
last 50 years and have roots in the land reforms in Peru, but each have drastically 
different occupational histories (Menaker and Falcon Huayta 2016). The terraces in 
Paccareta were reconstructed in the early 1960s by a collective of local famers and, 
generally, all the fields have been either cultivated or grazed/left fallow since then. 
Andagua farmers mention that the first few years of cultivation did not return high yields; 
however, after they turned the topsoil with the underlying clayey layer, the crop yields 
increased significantly (Menaker per comm).  
In contrast to Paccareta, a nonlocal businessman bought and sold off areas of 
Tauca in the 1980s to be rehabilitated by individual households who had relocated to 
Andagua Valley from other parts of southern Peru. The businessman made the land 
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viable for cultivation when he engineered a tunnel and canal from the Andagua River and 
across the slope of Wachalanka, the large outcrop on the north side of Tauca, in the late 
twentieth century. Tauca has a lower and more varied elevation than Paccareta and 
consists of bench terraces and sloping field terraces, the latter of which I did not expect 
and are not found elsewhere in this part of the valley. Tauca is also distinct from the main 
valley and Paccaretta because the smallholders spend most their time living in houses 
built on their properties, or in the small collection of houses located on the western edge 
of east side of the river. They are not associated with the community and are from the 
Moquegua area of southern Peru.  
By the late 1980s, 75% of agricultural terraces in the Andes were abandoned 
(Treacy 1989) and up to 60% of irrigated bench terraces were abandoned in the Colca 
Valley (Denevan 1988). Terraces are not just abandoned because people move away. 
Terraces are also neglected when owners cannot afford to maintain and repair the walls. 
This encompasses not only economic means but also familial labor and support. 
Agriculture does not produce a lot of capital and people may invest in more profitable 
activities (Mayer 2002).  
 Stretching back to colonial times, outside national and international governmental 
and non-profit agencies believed that local farmers traditional practices were destroying 
the environment. These agencies believed that through their management of the land and 
use of modern technologies, their take-over would help the environment. During the 20th 
century, local communities formed political groups to retain ownership of their land and 
to work against these groups (Robbins 2004). Communities formed rural cooperatives; 
however, most of them collapsed by the 1980s and were replaced by official communities 
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(Mayer 2002). Still, economic, political and social marginalization of highland 
communities is continuous and threatens further degradation of the environment (Robbins 
2004). In the Andagua Valley, the local communidad de campesinos controls the 
irrigation water of the main canal in addition to organizing other communal land and 
activities. The mother canal is maintained by the community through yearly faenas, or 
collective cleaning parties, with the secondary canal systems maintained according to 
those whose fields are on the system. Accessibility to water for irrigation on a local scale 
relies upon the community that regulates its consumption and distribution (Guillet 1987; 
Treacy 1987). Thus, as a community that still organizes its own water distribution and 




















The field portion of this research produced foundational empirical and 
georeferenced data on the agricultural soil properties in the Andagua Valley. I collected 
90 topsoil samples from both abandoned and cultivated agricultural terraces of varying 
ages, aspects and types across the valley. I took photographs of the terraces from which I 
retrieved samples and observed land management practices across the valley. 
Collaborating with an anthropology and archaeology team also allowed me to more 
deeply engage with community members and learn about them on a personal level. I took 
part in a ritual with the community President and the archeological team to ask 
Pachamama (Tranlation: Mother Earth) for her blessing to complete our work. In 
Denver, 
I completed lab and statistical analysis of the samples to understand land management 
and its effects on soil properties.  
4.1 Soil Sampling 
In the field, with the permission of the community President, a trowel was used to 
collect the first 5 cm of soil from terraces throughout the valley using stratified random 
sampling among three regions of the valley. Topsoil samples were collected from both 
abandoned and cultivated terraces, which were further classified according to terrace 
typologies (Brooks 1999). In the field, data from Table 1 was collected using USDA field 




Table 1:  Field data collected in addition to soil samples. 
4.2 Soil Analysis 
4.2.1 Preparation of Samples 
In the lab, 60g samples were ground using a mortar and rubber pestle, passed 
through a 2mm sieve. I placed the >2 mm particles in a designated beaker for later 
destruction as dictated by soil import permit and the <2mm soil particles in labeled 
beakers. The samples were dried in a Fisher Isotemp Oven (Senior Model/Forced Draft) 
heated to 140 degrees C for about 24 hours total. After they were completely dry, a 
Munsell Color book was used to determine dry color of the samples by taking a sample of 
dried soil and placing it on a white sheet of paper inside the lab.  
4.2.2 Particle Size Analysis 
Particle size distributions have an impact on chemical, physical and biological 
processes in soils, and are especially important for crop growth. The combination of fine 



















drainage, retention of nutrients, erodibility, and chemical exchanges between particles 
(Gerrard 2000).  
In the past, standard methods for analyzing soil particle size are based upon mass 
and sedimentation rates for finer particles and sieving for the coarser particles (Loizeau et 
al 1994). This is a time-consuming method and volcanic soils resist dispersion in this 
method because of the cementing nature of the particles (Buurman et al 1997). Laser 
diffraction analysis provides a more efficient and effective method for measuring particle 
size through measuring the diameter of the passing particles, resulting in a percentage 
volume (Buurman et al 1997; Miller and Schaetzl 2011).  About 0.4g subsamples were 
used for the rest of the samples and dried the treated sub-samples for placement into the 
Beckman Coulter LS 13 320 Laser Diffraction Particle Size Analyzer. The machine was 
flushed and calibrated before samples were added at a circulation pump speed of 50 
(determined to be a speed that minimizes bubbles interfering with results and ensures that 
the larger particles are circulated through the machine) and a sonicator probe running at 
level 5 to ensure particle dispersal. Sample was added until it reached optimal 
obscuration levels, about 50% PIDS and about 10% obscuration. Studies indicate that one 
subsample is sufficient as “differences among replicated subsamples were negligible” 
(Zobeck 2003:635).  
To further look at texture, particle size was transformed at 5th, 16th, 50th, 86th and 





where d is grain size in mm and f is the phi size. The phi scale is used for particle size 
calculations, including sizes from boulder to clay, the units spanning from -12 to 14.  





where the phi values at the 16th, 50th and 64th percentile are used to find the arithmetic 
mean for a sample. To further understand the distribution of the sample, the inclusive 






where the phi values at the 84th, 16th, 95th and 5th percentile are used to find the area 
under the central 68 percent part of the curve. The resultant standard deviation 
corresponds to levels of sorting as follows: 
	
Table	2:	f (phi) values and their relationship to soil sample sorting from Boggs,Jr. (1995).  
Sorting can affect the porosity and permeability, among other processes in soil (Boggs, 
Jr., 1995).  
4.2.3 Organic Carbon Oxidation 
Soil organic carbon content is crucial to, and an indicator of, the biochemical and 
mechanical processes in soils. The more organic carbon found in the soil, the more 











up more than half of the organic matter found in topsoils. Organic matter is the 
undecomposed plant and animal tissue as well as humus, an amorphous and colloidal 
substance formed through humification (Gerrard 2000; Ritter et al 2002).  
Organic matter influences structure, chemical reactions, water-holding capacity, 
buffering of pH and soil Cation Exchange Capacity. Specifically, humus has a low 
plasticity and high cohesiveness, where the colloids, including humic acid, are 
amorphous and glue-like, binding the soil into aggregates (Bohn et al 1976). Humus also 
includes chelators, which are relevant to the leaching of metals in the soil, such as iron 
and aluminum, as well as the water-holding capacity of the soil (Ritter et al 2002). 
Organic matter also buffers pH, meaning it contributes to the ability of soil to resist a 
change in the pH; however, the process of humification produces CO2 and organic acids 
that can decrease the pH of the soil (Bohn et al 1976).  
Organic matter is found in the largest quantities on the tops and bottoms of 
moderate slopes; however, in arid environments, like that of Andagua, there is low 
organic matter in the topsoil due to a low rate of input and decomposition. Soils high in 
organic matter are dark in color, usually black or brown (Gerrard 2000). Agricultural 
soils in the Colca Valley under traditional land management typically have higher organic 
carbon contents than the surrounding nonagricultural soils (Sandor and Eash 1994) as 
well as the abandoned soils, although there was not a statistically significant difference 
among the abandoned and cultivated soils in the Colca Valley (Sandor and Eash 1995). 
Terraced soils elsewhere in the Andes, such as those at Viejo Sangayaico in the upper Ica 
Valley, have lower organic carbon contents coinciding with possibly fewer organic inputs 
during fallow periods (Nanavati et al 2016). Organic content has also been found to 
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increase with elevation, although Zehetner and Miller (2006) concluded that the sand in 
their study site also decreased up elevation. Thus, the increased organic matter could 
have had to do with the particle size difference rather than the elevation (Zehetner and 
Miller 2006).  
The Walkley-Black Method was used to determine organic carbon content 
because this method has a finer resolution with smaller organic carbon percentages than 
combustion method (Singer and Janitzky 1986). To accurately find the organic matter 
content of soils estimated to have a small percentage, 0.7 g of soil was used, and for the 
other surface samples, 0.5 g was sufficient. Ferrous sulfate was added to find the excess 





𝑚𝑒𝑞	𝐹𝑒𝑆𝑂8 	= 𝑀𝐿	𝐹𝑒𝑆𝑂8	×	𝑁GHSJ3 
𝑂𝑟𝑔𝑎𝑛𝑖𝑐	𝐶	𝑝𝑟𝑒𝑠𝑒𝑛𝑡 = 	





Where, 1.33 is a correction factor (Singer and Janitzky 1986). This was repeated for 
several samples with high and low percentages to account for reproducibility.  
4.2.4 pH (Potency of Hydrogen) 
Acidity is a result of both natural and anthropogenic additions to the soil. 
Leaching, microbial respiration and nitrification can cause acidification. When there is 
more rainfall than evapotranspiration, soluble salts, minerals and bases may leach from 
the surface soil.  The decomposition of plant residues and other organic matter can also 
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acidify the topsoil. Nitrification is the oxidative process by which ammonium is turned by 
nitrifying bacteria into nitrate with hydrogen byproducts. Human-induced acidification 
occurs through the nitrification process when there is the addition of ammonium crop 
fertilizer to the soil. This can increase nutrient leaching in addition to the acidity due to 
hydrogen ions displacing base cations such as calcium and magnesium in the soil, 
especially when the pH reaches below 5.0 (Bohn et al 1979; Gerrard 2000). The pH in a 
soil is also influenced by the weatherability of the parent material (Gerrard 2000; Ritter et 
al 2002). Igneous rocks that crystalized quickly and are less resistant to weathering, such 
as basalt and gabbo, are less acidic (Gerrard 2000); pH tends to be around neutral for 
adesitic, dioritic and basaltic rocks as well as andesitic volcanic ash deposits (Buol et al 
1980).  
In agriculture, individual plant species growth and yield varies in different soil pH 
values. For example, barley yield (in Ohio when this data was collected) is at 100% at a 
pH of 7.5 and 95% at 6.8, but corn yield is 85% at a pH of 7.5 and 100% at 6.8 (Bohn et 
al 1979). The table below shows more relevant crop yield data from this same project 
(Table 3). A low pH can result in nutrient imbalances included toxic levels of some 
soluble ions, but can also result in high levels of ammonium below a pH of 5.5 due to the 
slowing of nitrification, which is good for certain plants that can utilize ammonium in 
that form (Bohn et al 1979). In the Andes, pH can also change with elevation, generally 
decreasing with an increase in elevation across a large scale of agricultural fields 
(Zehetner and Miller 2006) and across small scale terraced slopes (Nanavat et al 2016). 
This also correlates with higher percentages of sand in upper terraces and at higher 
elevations (Zehetner and Miller 2006). There are also lower pH values in terraced 
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topsoils as compared to unterraced topsoils in the Andes, possibly due to higher levels of 
organic matter or irrigation that leads to leaching (Sandor and Eash 1995).  
  
Table 3: Yield resulting from soils with different pH levels in Ohio in 1938 from Bohn et al (1979). 
Potency of hydrogen measures the acid-base equilibrium in water. The pH for any 
mol/Liter of H+ is: 
𝑝𝐻	 = −𝑙𝑜𝑔9c	(𝐻/). 
In the past, pH was measured through titration of a base into the solution to raise the pH 
to a predetermined value. The amount of base required to raise the pH to that value can 
find the pH value of the original solution. The problem with this method is that it requires 
careful documentation of method of stirring, time between additions and other specific 
notetaking. It also measured the Total Acidity rather than just the exchangeable acidity 
(Bohn et al 1979). A 1:1 soil-water slurry with 20 ml deionized water and 20g of <2mm 
dried and sieved soil sample was used to find the pH of the soil samples from Andagua, 
(Singer and Janitzky 1986). A Vernier pH Sensor and Vernier LabQuest2 collected the 
pH data.  
4.2.5 Electrical Conductivity  
Electrical Conductivity (EC) is the total electrical potential of a soil through 
several pathways: through dissolves solids and water in pores, through a solid-liquid 
pathway by exchangeable cations in clay minerals, and through solid particles in contact 
Crop	 4.7 5 5.7 6.8 7.5
Alfalfa 2 9 42 100 100
Barley 0 23 80 95 100
Corn 34 73 83 100 93
Wheat 68 76 89 100 99




with one another (Corwin and Lesch 2005).  EC can correlate with various physical and 
chemical soil properties including soil salinity, organic matter content, texture, and 
others, depending upon the specifics of the soil sample area (Lesch and Corwin 2003). 
EC correlates most often with clay content, but less often with silt, sand and organic 
carbon content, among other soil properties (Sudduth et al 2005). Soil conductivity can 
correlate with texture and particle size; sand generally has a low conductivity and clay 
has a high conductivity. When a soil has a similar particle size, then organic carbon 
content can cause differences in electrical conductivity (Lesch and Corwin 2003).  EC 
also does not generally correlate with elevation and its distribution is variable (Nanavat et 
al 2016). EC has also been used to determine leaching fraction, irrigation and drainage 
patterns relating to anthropogenic interference in agricultural soils and the availability of 
soluble salt for site specific agricultural management (Corwin and Lesch 2005). EC is 
often used to determine the in-field variation in the soil so comparing EC across fields 
from different farmers and under different management plans can be difficult to correlate. 
Thus, it may be challenging to determine why EC varies considering the variety of 
factors that affect the value of EC.  
A 1:1 soil-water slurry using 20 ml deionized water and 20g of <2mm dried and 
sieved soil sample was used to measure the EC (Singer and Janitzky 1986). A Vernier pH 
Sensor and Vernier LabQuest2 collected the EC data. Using the same ratio of oven-dried 
sample to deionized water allows for more accurate results in terms of the electrical 
potential of a soil at the same level of saturation. This is important because soil EC is also 
influenced by moisture content, which can change according to man-made irrigation 
schedules, in addition to other factors relating to water retention in the soil (Lesch and 
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Corwin 2003; Corwin and Lesch 2005).  As such, the suspensions were tested in a room 
with a stable temperature to standardize the results.  
4.3 Spatial and Statistical Analysis  
The RStudio statistical program was used to analyze data and to create plots. 
Descriptive statistics were run according to land management status and location of the 
valley from which the samples originated. The Mann-Whitney (Wilcoxon) Test was used 
to compare abandoned and cultivated terraces, for example, for differences among the 
means of the continuous variables including pH, conductivity, elevation, organic matter 
content and particle size. The Mann-Whitney (Wilcoxon) Test was used as an alternative 
to the Students T-test because the former does not assume that the data is normally 
distributed and, instead, uses rank transformation with the addition of corrections for any 
ties by using average ranks (Conover and Iman 1981). Normal Q-Q plots were used to 
visually analyze the data for any deviations from a normal distribution and support the 
use of the Mann-Whitney (Wilcoxon) Test. It tests the null hypothesis that two random 
variables are the same, with an alternative hypothesis that one variable is stochastically, 
or randomly, larger/smaller than the other variable (Mann and Whitney 1947).  A 
significance level of 0.05 or confidence interval of 95 percent was used for each test. 
  The data was plotted and analyzed using linear and nonlinear regressions in R to 
model any relationships among the variables. The residuals vs fitted values and a normal 
quantile-quantile plot assessed the accuracy of the formula. Values were plotted with 
Cook’s distance to find any individual points that are leveraging the regression formula 
and then removed outliers to refine formulas when suitable. Data were transformed for 
linear, polynomial and log function formulas as applicable.   
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 Texture can affect physical and chemical processes occurring in a soil, which can 
greatly affect the agricultural productivity. To look at the distribution of texture 
combination across other variables, the sand, silt, clay ratio was plotted in a ternary plot 
in R using the USDA classification system. This allowed for the visualization of texture 

























5.1 Terraces and Canals in Andagua  
5.1.1 The Andagua Valley 
Out of all the samples, 5 were from bench terraces, 17 from broadfield bench 
terraces, 58 from contour bench terraces, 4 from cross channel terraces and 4 from 
sloping field terraces (Table 4; Figure 2; Figure 15).  All samples from the main valley 
are some variation of bench terraces, while the samples from Tauca contain the only 
sloping field terraces in addition to bench and cross channel terraces. Terraces were an 
average of about 12 meters in depth and about 23 meters in width, the largest being a 60 
meter by 60 meter recently harvested, broadfield bench terrace in Paccareta and the 
smallest being a 2 meter by 3 meter cultivated broadfield bench terrace in Chanquillay in 
the main valley.  The difference in terrace size correlates with the angle of the original 
slope. Tauca and the cultivated terraces in Paccareta generally have larger terraces, most 
likely because they are more recently rehabilitated and put into reuse. Contemporary 
farmers took advantage of areas with gentler slopes, which are easier to farm and 
maintain.  
	
Table 4: Terrace type and distribution. 
Terrace	Type Abandoned Cultivated Main	Valley Tauca	 Paccareta
Total	
Terraces
Broadfield	Bench 4 12 9 1 8 17
Bench 3 2 2 3 0 5
Contour	Bench 23 36 21 21 15 58
Cross-Channel 3 1 0 1 1 4
Sloping	Field 3 2 0 4 0 4




Figure 15: Sample Distribution by terrace type, Andagua, Peru. 
Aspect was variable in all areas, but more so in Paccareta and the main valley. 
This was probably due the microtopographic highs throughout the main valley and 
Paccareta, although Paccareta has a gentler slope than does the main valley. These 
topographic highs and lows are filled with corresponding terrace construction such as 
basins and u-shaped sets of terraces.  Especially in high mountain environments, aspect 
can affect the amount of electromagnetic radiation reaching a terrace, which can 
positively or negatively affect the growth and health of a crop. In Andagua, the NE-SW 
oriented valley makes aspect less important than it may be elsewhere. The steep 
mountains flanking the sides of the wide valley floor affects the sunlight more than the 
orientation of the terrace. In addition, Andagua is in a tropical mountain range, so the 
diurnal temperature range is higher than the annual temperature range.   
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Canals are constructed from stones, soil and concrete. Some canals also had 
grasses growing in them. These canals were maintained through occasional, perhaps 
seasonal, buildup of the walls using terrace soil material (Figure 16). There are also 
instances of temporary canal building through abandoned terraces or across fields to 
direct water in a specific way for efficient use.  
  	
Figure 16: Left, evidence of canal buildup using soil and vegetation in the main Valley. Right, temporary canal dug 
through a sloping field terrace in Tauca in the foreground and the contemporary canal bringing water from the river is 
visible a third of the way up the mountainside in the distance. 
5.1.2 Main Valley 
Terraces are built according to the original topography, allowing for variable sets 
and configurations of terraces, and the resultant microclimate schemes. The main valley’s 
diverse topography contributes to the large variation in aspects and terrace types in this 
area. The main valley has C-shaped terrace sets, D-shaped and oval-shaped basins, and 
relatively straight terrace sets (Figure 17; see Appendix). All types are both cultivated 
and abandoned, suggesting a patchwork of land management across the main valley. 
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Along a row of terraces or within a basin, terraces are cultivated, fallow and abandoned 
usually as a vertical group (Figure 18). 
 
 
Figure 17: Oval basin pictured above and straight bench and contour bench terraces pictured below, main valley, 
Andagua. 
The main valley is also broken up into many areas such as Andagua Antiguo, 
Quisgarani, Huayrapata, Ninamama, Chanquillay and La Moja. Andagua Antiguo 
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possibly dates to the pre-Inca and Inca periods, and is located directly southeast of town. 
People still cultivate in this area and it is where the soil sample with the largest 
percentage of organic carbon was found. Chanquillay is located near the river and 
contains some of the lowest elevation terraces. People cite this area as being one of the 
best places to cultivate in Andagua (Menaker per comm). This could be due to the lower 
elevation or the microclimate near the river and waterfalls.  
 
Figure 18: The foreground shows terraces farmed in vertical groups. This is seen through the different land cover 
across the landscape. 
5.1.3 Tauca 
Tauca contains the only cultivated, sloping field terraces encountered. These were 
intermixed with bench terraces and terraces with walls made from loose soil only. Some 
terrace walls were built of loosely stacked stones, implying an ephemerality of the wall 
location or of the terrace use.  This made it difficult to identify terrace walls in some 
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cultivated and abandoned terraces. The slope grade from the top of the terraced hillslope 
to the bottom is about 10.6%, and there are not as microtopographic features on the 
landscape as the main valley (Figure 19).  The standard deviation of terrace aspects is 
22.7, much smaller than the standard deviation of aspects in the main valley. Most 
terraces face in south-southwesterly direction; however, the tropical environment and 
orientation of the valley may make the aspect less important than the location of terraces 
in relation to the outcrop called Wachalanka that casts a long shadow across Tauca during 
the evening and morning. The outcrops’ shadow blocks the electromagnetic radiation 
from reaching terraces and, due to the high elevation, contributes to the varied diurnal 
temperatures and decreases the duration of direct insolation.  
 





5.1.4 Paccareta  
Paccareta is composed of two distinct features: cultivated terraces and abandoned 
terraces. The cultivated terraces are those reconstructed during the 1960s located west 
and south of the archaeological site of Paccareta. The cultivated terraces are mostly 
broadfield bench terraces, taking advantage of the large areas of relatively flat slopes 
(about 1%), and contour bench terraces built on the edge of the river canyon. Paccareta 
has an independent canal and distribution system. The abandoned terraces are mostly on 
the south and east side of the archaeological site of Paccareta. There is evidence of a 
canal above some of the abandoned terraces that doubles as a footpath (Figure 20). The 
abandoned terraces are narrow and steep, which is perhaps why they were not included in 












5.2 Soils  
 
	
Tables 5 and 6: Above (Table 5) are results of lab testing, below (Table 6) are results from hypothesis testing with (*) 
indicating significant results at an alpha of 0.05.  
5.2.1 Particle Size, Structure and Color 
	
Table7: Results from Graphic Mean Hypothesis testing among Tauca, Paccareta and the main valley with (*) 
indicating significant results at an alpha of 0.05. 
The average graphic mean on the Wentworth particle size scale indicates an 
average of very fine sand across all samples (Table 5). Generally, andesitic volcanoes 
have a very low quartz content that allows for low amounts of sand (Buol et al 1980), 
however, the sandy soils are probably a result of the young volcanos present in the valley. 
The mean of the graphic standard deviation is 2.044 f, meaning the average particle size 
distribution is very poorly sorted. The graphic mean of Tauca and Paccareta are both 
significantly coarser than the main Valley, but they were not statistically different from 
pH OC	% EC graphic	mean
Abandoned 6.32	±	0.67 1.37%		±	1.13 201	μS/cm	±	332.2 3.35	!	±	0.88
Cultivated 6.69	±	0.48 2.26%		±	1.49 432.7	μS/cm	±	315.1 3.33	!	±	0.82
Tauca 6.65	±	0.53 1.61%		±	1.42	 294.9	μS/cm	±	345.7 2.89	!	±	0.77
Paccareta 6.37	±	0.70 1.13%		±	0.93 295.6	μS/cm	±	403.0 3.25	!	±	0.82
Main	Valley 6.54	±	0.57 1.63%		±	1.50 406.6	μS/cm	±	289.9 3.77	!	±	0.72
Total 6.53	±	0.59 1.75%		±		1.43	 338.2	μS/cm	±	340.1 3.35	!	±	0.84
Mean	and	Standard	Deviation	
pH OC	% EC graphic	mean
pH 0.003* − − −
OC	% − 0.001* − −
EC − − <	0.001* −









Tauca	 − 0.09 <	0.001*
Paccareta − − 0.029*




each other (Table 7).  The particle size for both abandoned and cultivated terraces are the 
same, indicating that both have an average of very fine sand (Table 6).  
Separating the values into low (3.16 f ± 0.90), medium (3.35 f ± 0.84), and high 
(3.96 f ± 0.61) relative percentages of organic carbon, I found that the graphic mean of 
high organic carbon samples are statistically finer than the low (p-value < 0.001*) and 
medium organic carbon percentage groups (p-value < 0.001), but the low and medium 
values are statistically the same (p-value of 0.33) (Figure 21). This pattern reveals that the 
particle size of soils with a higher percentage of organic carbon is finer than soils with 
lower organic carbon contents.  
 
	
Figure 21: Soil Particle Size triangles. The top compares particle size among Tauca, Paccareta and the main valley. 
The bottom left triangle compares particle size among Organic Carbon % and the bottom right compares the particle 
size between abandoned and cultivated terraces. 
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The structures of the soils are granular, platy and single grain. Abandoned terrace 
soils consist of single grain or platy soil structures due to the low organic carbon input 
into the soils that decreases the ability to form soil aggregates and the erosion of the 
topsoil revealing the compacted soil layer underneath, respectively. Tauca has a large 
percentage of soils consisting of single grain structure. This may be due to the recent 
history of reuse of the terraces. They have not been cultivated as consistently as the main 
valley. The soils with the highest organic carbon content correspond to the soils with 
granular structures. These are cultivated soils with consistent organic carbon input.  
The colors of terrace soils in Andagua range from grey to dark brown to black 
(Table 8). The most common color was 10 YR 2/1 (black) on the Munsell Chart.  The 
parent material, basaltic andesites, andesites and dacites, can create very dark soils, so the 
color of the soils is not surprising. Even abandoned soils with little to no organic carbon 
content were dark on the Munsell Chart. The reddish black soil is a single grain, poorly 
sorted soil from a fallow terrace in Tauca. The reddish color probably is due to the 
volcanic parent material. The dark brown soil is a poorly sorted, granular soil from the 
main valley and planted with potatoes. In the field, water poured onto the soil took more 
than 30 seconds to infiltrate. Although infiltration was not scientifically tested, these 
anecdotal results could imply a large organic matter or clay content; however, these 




Table 8: Soil sample colors. 
5.2.2 Organic Carbon 
	
Table	9: Results from Organic Carbon % Hypothesis testing among Tauca, Paccareta and the main valley with (*) 
indicating significant results at an alpha of 0.05. 
There was an average of 1.75% of organic carbon for all samples (Table 5) with 
the minimum of 0.00% from an abandoned terrace in Tauca and the maximum of 7.18% 
from a cultivated terrace in Andagua Antiguo, in the main valley. Organic carbon is 
statistically higher in the main valley, and the organic carbon content in the soils from 
Paccareta and Tauca are statistically the same. (Figure 22; Table 9). Cultivated soils have 
a statistically higher organic carbon content by almost 1%, although all samples are still 















Tauca	 − 0.08 0.025*
Paccareta − − <	0.001*






Figure 22: Top shows normal Q-Q plots demonstrating the non-normality of OC% in Tauca, Paccareta and the main 










Figure 23: Top shows normal Q-Q plots demonstrating the non-normality of both cultivated and abandoned terraces 
organic carbon %. The bottom demonstrates the difference between abandoned and cultivated terraces organic carbon 
% using boxplots.   
5.2.3 pH (Potency of Hydrogen)  
	
Table	10:	Results from Organic Carbon % Hypothesis testing among Tauca, Paccareta and the main valley with (*) 
indicating significant results at an alpha of 0.05. 
 Average pH of all samples is 6.53, which is almost neutral (Table 5). The pH of 
cultivated terraces is statistically higher than abandoned terraces, but only slightly (Figure 
24; Table 6). The difference in means among Paccareta, Tauca and the main valley are 
Tuca Paccareta Main	Valley
Tauca	 − 0.188 0.504
Paccareta − − 0.469




not statistically different, nor are the differences among the pH of samples with relatively 
low, medium and high levels of organic carbon (Table 10).  
 
	
Figure 24: The top images are Normal Q-Q plots demonstrating the non-normality of the pH data for cultivated and 








5.2.4 Electrical Conductivity 
	
Table	11:	Results from Organic Carbon % Hypothesis testing among Tauca, Paccareta and the main valley with (*) 
indicating significant results at an alpha of 0.05. 
Electrical Conductivity (EC) can be site specific meaning the variations in EC can 
be dominated by static or dynamic factors, such as texture or salinity, respectfully. Most 
often, EC is used to measure in-field variability in large scale farming (Corwin and Lesch 
2005). EC values in Andagua are interpreted across fields with different management 
plans and, as such, it is important to decipher the data while considering the similar 
particle size across the valley. The maximum EC value of 1995.0 µS/cm is from sample 
PA5A, an abandoned terrace in Paccareta, and the minimum EC value of 32.0 µS/cm is 
from sample TA28A, an abandoned terrace in Tauca (Table 15). Although PA5A is one 
of several outliers within the body of samples, it is even more so in the collective of 
abandoned terraces. Without the outlier in the abandoned terraces, the mean and standard 
deviation drops significantly.  In terms of land cover, the outliers are from fields with 
natural shrubs (SNS) and close grown crops (CCP) (Figure 25; Figure 26). Interestingly, 
mean conductivity for SNS and CCP are statistically different. 
Tuca Paccareta Main	Valley
Tauca	 − 0.919 0.019*
Paccareta − − 0.026*





Figure 25: Boxplots showing conductivity across land cover types found in the Andagua Valley. CCP - Close Grown 
Crop; CRC - Row Grown Crop; SNS - Natural Shrub; GRG - Grass Rangeland. 
 
Figure 26: Soil sample distribution by terrace land cover type, Andagua, Peru. 
The EC in cultivated terraces are statistically higher than abandoned terraces 
(Figure 27; Table 5; Table 6). Cultivated terraces have a wider range of EC values than 
abandoned terraces; however, both have outliers above 1000 µS/cm. The three outliers 
for cultivated terraces also have high organic carbon percentages, relative to the other 
samples, with 6.84%, 7.18% and 4.55% organic carbon for EC values of 1711 µS/cm, 
1254 µS/cm, and 1129 µS/cm. The pH values are almost neutral, between 6.8 and 7.1, 
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and the land cover is either alfalfa or natural vegetation in sandy or silty loam with weak 
granular structure. The abandoned terrace outlier has an EC value of 1995 µS/cm, a pH 
value of 5.27 and an organic carbon percent of 1.42% (Table 18). This terrace is also 




Figure 27: The top images are Normal Q-Q plots demonstrating the non-normality of the conductivity data for 
cultivated and abandoned terrace samples. The middle shows boxplots of Electrical Conductivity of Abandoned and 
Cultivated and terraces.  
5.2.5 Regression Analysis  
Linear and nonlinear regression was used to discover any predictive patterns for 
organic carbon percentage among the other continuous variables. Organic carbon 
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percentage is not correlated to elevation in the Andagua Valley with an R-squared of 
0.006 and p-values greater than 0.2 (alpha of 0.05). A plot with elevation as the predictor 
and organic carbon as the resulting value shows a random spread of values (Figure 26). 
Linear and nonlinear regression analysis also shows no patterns among organic carbon 
percentage and pH (Figure 26).  
Elevation as a predictor for pH has a low p-value of < 0.001 (alpha of 0.05), but a 
small adjusted R-squared at 0.13. A linear model with elevation predicting pH, in this 
scenario, only accounts for 13% of the data points and the residuals are not normal, 
despite its statistical significance (Figure 28). Thus, it is a significant relationship 
between pH and elevation in the Andagua Valley, but this is not a sufficient model to 
predict pH. The plot corroborates with the R-squared value as it demonstrates the spread 
of values.  
	
Figure 28: The graph on the left plots Organic Carbon (%) against Elevation (m). The graph on the right plots pH 
against Elevation (m). 
 Understanding the complex relationship among EC and the other soil factors, I 
looked at EC within several different contexts: its relationship to clay content, organic 
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carbon content, and several others. EC, including separating the values into abandoned 
and cultivated terraces, does not correlate with elevation. Clay percentages for abandoned 
terraces, cultivated terraces and terraces in Paccareta correlate with significant p-values 
(alpha of 0.05), but all do not have R-strong squared values (values > 0.5). Conductivity 
and clay percentages for soils samples in Tauca and the main valley do not have 
significant results nor do they have strong R-squared values. The graphic mean and the 
phi value at the 5th percentile are also insignificant.  
 Separating the EC into the three previously mentioned organic carbon percentile 
groups of low, medium and high, similar results were found with some significant p-
values (alpha of 0.05) but small R-squared values. Organic carbon less than or equal to 
3% had significant results for the correlation between EC and clay percent. Looking at 
organic carbon as a predictor of conductivity is significant and has a reasonable R-
squared value of about 0.5 for cultivated terraces (p-value of < 0.001 and R-squared of 
0.59), Tauca (p-value of < 0.001 and R-squared of 0.68) and the main valley (p-value of 















6.1 Patterns of Terracing on the Landscape 
The Andagua Valley is a palimpsest of land management histories, creating 
distinct patterns in Paccareta, Tauca and the main Valley that have implications for their 
future land use capabilities (Figure 29). There is evidence of continuing cultivation in the 
main valley, but not in Paccareta and Tauca. Photographs from the Shippee-Johnson 
expedition show an abandoned Tauca in the early 20th century (Figure 29). A group of 
non-local farmers bought Tauca as a parcel in the 1980s, but divided up the land among 
themselves for cultivation. Unlike Paccareta, there was no systematic rehabilitation of the 
terraces. I found Tauca to possess both cross channel and sloping field terraces, which 
was surprising considering that Brooks found no cultivated cross channel or sloping field 
terraces under cultivation in the Colca Valley at the time of her research (1998). 
Paccareta and Tauca both have previously marginalized lands but the particular 
conditions, construction processes and organization of the famers is mostly likely the 
cause of the differences between them. The effort to rehabilitate the whole area of Tauca 
would have required communal organization, like that found in Paccareta. As a result, the 
abandoned sloping field terraces and bench terraces in Tauca are prone to excessive 
erosion. Dunes of black sandy soil cover expanses of this landscape. As such, Tauca 
contains the largest variation in terrace typology and condition among the three areas 
surrounding the town of Andagua. The continued use of sloping field terraces may have 
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negative impacts on the structural integrity of other terracing in the area, potentially 
decreasing the fecundity of the soil and crop yield over time.  
	
Figure 29: Aerial photo from the Shippee-Johnson Expedition of 1932 (American Museum of Natural History 
Archives). You can see the town of Andagua in the middle of the lefthand side of the image. Above the twin volcanos at 
the top of this image is Paccareta. 
Photographs of Paccareta from the Shippee-Johnson Expedition similarly lack 
evidence of cultivation during the early 20th century (Figure 27). In the 1960s, 15 
Andagua families collectively rehabilitated the abandoned fields around the 
archaeological site of Paccareta. Broader national agrarian movements allowed for local 
communities to be represented and be claim-holders to the agricultural lands surrounding 
their town. As a result, the cultivated area of Paccareta is appears more uniformly 
rehabilitated with communal paths, walls and canals. There are few abandoned terraces 
among these as most of the abandoned terraces were not included in the rehabilitation. 
They are narrow and clustered around steep slopes near the archaeological site of 
Paccareta. Similarly, the main valley is composed of bench terraces, but of an older age. 
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Unlike in Paccareta and Tauca, the Shippee-Johnson Expedition encountered 
extensive cultivated terraces in the main valley (Figure 29). Today, there are extensive 
cultivated terraces interspersed with sets of abandoned terraces (Figure 30). It is difficult 
to date terrace construction, but this area was likely built during pre-Inca occupation and 
then expanded during the Inca Empire. With larger human resources, the Inca Empire 
organized large building projects across the Andes, including agricultural terracing. The 
contemporary abandonment here is most likely due to families’ migrations away from 
agricultural fields towards more diverse labor markets. Like in Tauca, it is important to 
consider the potential problems these abandoned terraces may hold for neighboring 
cultivated terraces. The patterns of abandonment and terrace typology across the 
Andagua Valley are reliant upon unique historical circumstances; however, conditions in 
Tauca, and in some areas of the main valley, require the most immediate attention if any 




Figure 30: Map of samples divided between abandoned and cultivated terraces, Andagua, Peru. 
6.2 Physical Properties of Terraces and Their Soils  
The physical properties of terrace soils are relatively similar across the Andagua 
Valley. The meaning the average particle size is very fine sand, which is unusual for 
terraced agricultural fields. There is little clay content in the samples with more silt. A 
compacted layer is found under cultivated and abandoned terraces, and is exposed 
through sheet wash erosion on upper slopes of abandoned terraces. The duripans, or 
compacted soil layers, were found at 5-25 cm beneath both abandoned and cultivated 
terraces. This suggests that both underwent, or currently undergo, compaction by cattle 
grazing or tractor use. Tractors are unlikely to have caused the duripans, as their relative 
size is prohibitive to navigating the valley (Figure 31). Cattle grazing most likely caused 
the compacted layers. Andeans did not have cattle until the arrival of the Spanish in the 
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16th century; however, this short period may have been enough to create these duripans. 
Watering regimes and clay minerology may also have caused the duripans.  
A similar compacted layer exists under agricultural terraces in the Colca Valley 
(Sandor and Eash 1995). The compacted layer underneath the topsoil is beneficial when it 
slopes downwards towards the front of the terrace wall, guiding the irrigation water to the 
terrace below. As terraces are built vertically, it is important for the water that is not 
absorbed by the soil fabric to filter through the topsoil and to be lost to the terraces 
below. This compacted layer acts as a barrier between the topsoil and to soil layers 
below. In some abandoned terraces, such as those found in Quisguarani, Ninamama and 
elsewhere, the duripan layer is exposed on shoulderslopes where the topsoil had eroded 
downslope. In Paccareta, members of the collective remember the difficulty in farming 
the sandy topsoil when they first began to cultivate after reconstruction. They mention 
that after they mixed the topsoil with a distinct hard layer below, the soil held the water 
more effectively and increased crop yield (Menaker per comm).  
 
Figure 31: Non-mechanical plow in a cultivated field in Tauca. 
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Many of abandoned terraces in Andagua exhibit evidence of wall collapse and 
sheet erosion.  Grasses and other cover crops are planted on terrace surfaces in order to 
preserve archaeological sites both in Peru (Machu Picchu, and Pisac) and elsewhere in 
the world. Cover crops decrease the chance of erosion by lessening the impact of splash 
erosion and the possibility of sheetwash erosion (Gerrard 2003). However, Andagua’s 
arid environment is not compatible with planting grass-cover on abandoned terraces in 
the valley. The natural vegetation, small bushes and grasses, does not grow densely on 
most abandoned terraces, which exposes bare soil to water erosion.  
6.3 Chemical Properties of Terrace Soils  
 
Multiple factors have influenced the ability of abandoned terraces to retain 
beneficial agricultural soil properties: historical organic matter inputs, continued use as 
grazing fields, volcanic parent material and the arid environment. Although the average 
organic carbon content of abandoned terraces is statistically less than that of the 
cultivated terraces, it is not dramatically different and perhaps not significant enough to 
influence crop yield. In Andagua the abandoned terraces rely on rainfall for water supply 
and as a result are covered with natural shrub, while the irrigated, cultivated terraces had 
a wider variety of land cover types including natural shrub, row crops, close grown crops, 
and rangeland crops.  Fallow terraces and walls throughout the valley are also covered in 
natural vegetation with some scatterings of alfalfa.  In Andagua, the practice of plowing 
leftover crop material and manure into the fields of irrigated terraces increases the 
organic carbon content in the soils. Sandor and Eash (1995) found a similar pattern in the 
Colca Valley, although the organic carbon of abandoned and cultivated terraces was not 
statistically different in that case. This phenomenon may be due to the continued use by 
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community members of abandoned terraces as grazing grounds, adding manure to the 
soil. The presence of organic matter in the abandoned soils is also possibly due to 
previous inputs from farmers in addition to the organic matter accumulated through 
abandonment. The abandoned terraces are also not irrigated, meaning that they are reliant 
on seasonally supplied water in the dry and high elevation environment. Physical and 
chemical processes in arid environments are slow without human amenities. Thus, 
organic matter decomposition for the accumulated natural plant litter is slow to produce 
humus in the soil, suggesting that historical inputs and contemporary cow manure 
produce the higher amounts of organic matter in the abandoned soils.  
In Andagua, the higher the Electrical Conductivity in a cultivated soil, the higher 
the organic carbon content. In addition, cultivated terraces have a statistically higher 
mean in EC than abandoned terraces. This suggests that contemporary organic matter 
inputs can change the EC of a soil. Sandy soils generally have a low EC and do not retain 
organic matter as well as clayey or silty soils. The sandy Andagua soils may explain the 
general pattern of low EC levels across the valley. The clay content of both abandoned 
and cultivated terraces is significantly correlated to EC, but the R-squared in the 
hypothesis test is not reasonable to assume clay is a predictor of EC in this case.  
Volcanic rocks found in the Andagua Valley are easily weatherable, and thus are 
less acidic parent materials. This may contribute to the almost neutral, pH values 
(6.53±0.59) of the soils in Andagua. The pH of the abandoned (6.32±0.67) and cultivated 
(6.69±0.48) terraces are statistically different, although the mean of the abandoned 
terraces is only slightly more acidic than the cultivated terraces. The pH levels of both 
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terrace conditions are conducive for growing agricultural crops, although the soils with a 
pH of <5.5 generally have a smaller yield than at higher pH levels. The two cultivated 
soils with pH of <5.5 were bench terraces planted with alfalfa. One, TA19C, was a 
recently irrigated sand and the other, VA7C, was a sandy loam with 3.08% organic 
carbon. According to the earlier graph depicting optimum pH levels for crop yield, 
Alfalfa grows most effectively at a pH of 6.8; however, the alfalfa in these fields did not 
necessarily show signs of deficiency (Figure 32). Abandoned terraces have a lower pH 
perhaps due to the lower organic matter input and, therefore, have less humus. The small 
amount of humus makes the soil more susceptible to variations in pH and to leaching 
during rainstorms, further decreasing the pH.  Thus, the pH of the soil samples may be 
heavily influenced by the volcanic parent material, while the variation among the 




Figure 32: Terrace TA19C in the middle of the image with alfalfa. 
The lower clay content of the Andagua soils also leaves the terraces susceptible to 
erosion and leaching; sandy soils cannot retain organic matter as well as clay soils, which 
decreases the humus-induced bonding properties that form soil aggregates. Without 
consistent organic matter inputs and decomposition like in the cultivated terraces, the soil 
loses its granular soil structure to more single grain structure increasing its detachability 
by rain. Other areas in the valley, such as Huayrapata (translation: Windyplace) are also 
susceptible to wind erosion, as the name suggests. The sandy, poorly sorted soils can 
mean more leaching and result in the accumulation of acidic particles in the soil, but the 









The goal of this project was to understand the effects terracing and land 
management have on agriculturally relevant soil properties in the Andagua Valley of the 
Southern Peruvian Andes. The results demonstrate the connections among human actions 
and soil properties. The types of terraces cultivated in the Andagua Valley are different 
from cultivated terraces studied in the Colca Valley (Brooks 1998). This is evident in 
cross channel terraces and sloping field terraces actively being cultivated and irrigated in 
Andagua, in contrast to the Colca Valley where these were abandoned. In addition, the 
practice of grazing animals, most recently cattle, on abandoned and cultivated terraces 
has potentially contributed to creating a compacted soil layer that is beneficial for 
effective irrigation use. Irrigation regimes throughout the deep occupational history of the 
Andagua Valley may also be a contributing factor to these duripans.  
The sandy, poorly sorted soils are vulnerable to leaching, which can cause the 
accumulation of acidic particles in the soil. However, abandonment in Andagua only 
causes a slight decrease in pH, similar to results in the Colca Valley (Denevan 2001). 
This is possibly a consequence of the basic volcanic parent material. In addition, the 
higher organic matter content in cultivated soils than in abandoned soils in Andagua was 
not found in the Colca Valley by Sandor and Eash (1995;1996). The difference is in 
organic carbon percent is slight and is possibly due to the passive manure inputs from 
grazing on abandoned terraces. Cultivated terraces have a statistically higher EC than 
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abandoned terraces. The higher EC in cultivated soils also correlates with a higher 
organic carbon content, but does not correlate in abandoned soils. This suggests that 
contemporary and active organic matter inputs into cultivated soils increase the EC. 
These results imply that the patchworks of cultivation across the Andagua Valley 
are enabled by productive soil properties that are not dramatically diminished by 
abandonment. However, observations of Tauca, and some areas of the main valley, 
demonstrate the detrimental long-term effects of abandonment on the physical landscape. 
Neglect or abandonment of terraces causes soil erosion and wall collapse and may have 
the potential to negatively impact the surrounding cultivated soils. In addition, results 
suggest that the volcanic parent materials also play a significant role in some of the soil 
properties such as pH and particle size. In conclusion, the dynamic patterns of cultivation, 
or patchiness, on the landscape is made possible through the natural fertility of the soil 
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9.1 Terrace Data  































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































9.2 Color and Particle Size Data  


















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































9.2.3 Paccareta Color and Particle Size Data 
   
 






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































9.3 Lab Data (OC%, pH and Conductivity) for All Samples 
	










AA1C 4.802 6.9 388 TA8A 2.203 5.83 99
AA2C 7.18 7.1 1254 TA9C 3.454 6.92 928
AA3C 3.248 6.65 904 TA10C 3.037 6.02 382
Q1A 1.483 6.43 204 TA11C 4.228 6.55 712
P1A 0.565 6.32 36 TA12C 1.608 6.47 357
P2A 0.141 6.32 94 TA13C 2.263 6.38 525
P3A 0.213 6.4 82 TA14C 0.715 6.88 96
NM1A 0.107 6.37 42 TA15C 2.084 6.75 253
NM2C 4.555 7.07 1129 TA16A 1.31 6.92 93
HY1A 0.085 6.91 45 TA17A 1.131 6.75 54
LG1A 2.825 7.35 440 TA18A 1.548 6.8 173
LG2C 0.494 6.85 179 TA19C 1.906 5.45 367
VA1C 1.695 7.07 375 TA20C 0.702 7.34 351
VA2C 3.107 6.75 244 TA21A 0.088 6.32 78
CH1C 2.33 7.65 508 TA22C 0.965 6.91 133
CH2C 3.037 5.85 634 TA23C 1.052 7.29 286
CH3A 4.6 7.24 296 TA24C 1.315 7.62 149
CH4C 3.849 6.61 453 TA25C 1.14 7 191
P4C 1.784 7.05 347 TA26A 0 6.68 37
P5A 1.422 5.27 1995 TA27A 1.666 6.64 49
P6A 0.869 5.68 48 TA28A 1.842 6.06 32
P7A 3.713 4.15 95 TA29C 2.462 7.35 247
AA4C 3.002 6.29 426 TA30C 6.84 6.84 1711
Q3A 0.869 6.14 89 P8A 1.127 5.64 147
AA5C 2.634 6.5 434 P9AB 1.69 5.94 100
AA6C 3.385 6.82 788 P10C 2.253 5.97 356
AA7C 2.66 6.55 600 P12C 1.127 6.47 199
Q4A 1.693 5.97 144 P13C 2.441 7.19 549
Q5A 1.532 5 301 AA8C 1.314 6.75 255
VA3C 3.09 6.45 578 VA9C 2.347 7.02 283
VA4C 3.224 6.12 959 VA10A 2.253 5.71 119
VA5C 3.224 5.88 289 VA11A 0.094 6.81 100
VA6C 1.935 6.21 331 VA12C 4.412 7.06 526
VA7C 3.063 5.41 106 VA13C 2.629 7.02 673
VA8A 1.048 6.15 236 PA22C 0.094 7.03 500
VA9C 1.854 6.29 306 PA23C 0.424 6.5 127
VA8A 2.176 6.65 497 PA24C 0.34 6.32 120
TA1A 0.806 7.05 283 P15C 1.641 6.88 129
TA2A 1.128 7.25 310 P16C 2.014 6.57 293
TA3A 0.242 6.63 51 P17A 0.522 6.85 110
TA4A 4.03 6.1 473 P18C 1.715 6.68 450
TA5A 2.382 6.47 58 P19C 0.447 6.96 63
TA6A 1.965 6.58 180 P20C 0.97 7.01 152
TA7A 1.846 5.57 73 P21C 2.312 6.95 357
P14C 0.282 6.32 452
